Brain-derived neurotrophic factor (BDNF) has been implicated as a molecular mediator of learning and memory. The BDNF gene contains four differentially regulated promoters that generate four distinct mRNA transcripts, each containing a unique noncoding 5Ј-exon and a common 3Ј-coding exon. This study describes novel evidence for the differential usage of alternative BDNF promoters and 5Ј-exons during the consolidation of learning. We found a selective increase in BDNF transcripts containing exons I and III in the amygdala 2 h following fear conditioning, while mRNA levels of BDNF exons II and IV remained unchanged. These results provide the first evidence of differential splicing and/or differential BDNF promoter usage in response to a behaviorally relevant learning paradigm.
In addition to its trophic function, brain-derived neurotrophic factor (BDNF) has been implicated in synaptic plasticity and learning and memory. BDNF has been shown to play a critical role in the induction and maintenance of long-term potentiation as well as in hippocampal-dependent learning (Korte et al. 1995; Figurov et al. 1996; Kang et al. 1997; Berchtold et al. 1999; Hall et al. 2000; Poo 2001 ). More recently, we have found a role for BDNF in amygdala-dependent fear conditioning (Rattiner et al. 2004) . Despite increasing interest in this gene for studying the molecular mechanisms underlying learning and memory, the transcriptional regulation of the BDNF gene during learning and memory processes has yet to be closely examined. The BDNF gene has four distinct transcripts, each containing a unique promoter. These BDNF transcripts consist of a variable 5Ј-exon (exons I-IV) and a common 3Ј-exon (exon V). The common 3Ј-exon codes for the mature BDNF protein, whereas the untranslated exons I-IV arise from differential utilization of the four promoters . The existence of multiple BDNF mRNA transcripts that are all translated into an identical protein is a unique feature of this neurotrophin that suggests multilevel regulation of its expression.
The multiple BDNF promoters are likely recruited to generate region-or activity-specific expression of the different BDNF transcripts and are differentially sensitive to a variety of stimuli (Bishop et al. 1994; Kokaia et al. 1994) . It has been shown that specific exon-containing BDNF mRNAs are differentially regulated by interventions such as exercise, seizures, ischemia, osmotic stress, and antidepressant treatment (Lindvall et al. 1992; Kokaia et al. 1994; Oliff et al. 1998; Aliaga et al. 2002; Dias et al. 2003) . However, no studies to date have demonstrated whether the BDNF promoters are differentially activated during behaviorally relevant learning paradigms.
It is well established that cue-specific fear conditioning is dependent on the basolateral amygdala (BLA) (Davis et al. 1993; Fanselow and LeDoux 1999) . We have recently reported an upregulation of BDNF mRNA in the amygdala following this type of fear conditioning (Rattiner et al. 2004) . In this report, we examine whether use of these multiple promoters directs activityspecific expression of different BDNF transcripts within the BLA following Pavlovian fear conditioning.
Preliminary experiments examined whether long-standing regulatory changes in BDNF occurred following fear training. This experiment allowed us to determine the optimal time point to observe changes in BDNF gene expression. A total of 32 male Sprague-Dawley rats (Charles River, Raleigh, NC) were trained with either 15 light-shock pairings (n = 18) or 15 light-alone presentations (n = 18). Training, testing, and analysis of the acoustic startle reflex took place as described previously (Cassella et al. 1986; Walker and Davis 2000; Paschall and Davis 2002) . The unconditioned stimulus (US) was a 0.5-sec, 0.4-mA footshock delivered through the cage floor bars. The conditioned stimulus (CS) for training and testing was a 4-sec light (82 lux) produced by an 8-W fluorescent bulb located 10 cm behind each cage.
Animals were returned to their home cages after training. Then 12 animals were killed 2 h after training (n = 6 light-shock, n = 6 light alone), 10 animals were killed 24 h later (n = 6 lightshock, n = 4 light alone), and 10 animals were killed 7 d later (n = 6 light-shock, n = 4 light alone) for in situ hybridization analysis. In situ hybridization was performed with antisense riboprobes. A partial BDNF clone, containing the entire exon V coding sequence but no significant portion of a 5Ј-exon, was obtained from the NIH database (IMAGE #1851120, GenBank #3837569).
In situ hybridization was performed using 35S-UTP (NEN) labeled riboprobes prepared from linearized clones with RNA polymerase. Hybridizations were performed under parafilm overnight at 52°C as described (Ressler et al. 2002) . After hybridization, slides were stringently washed, dried, and placed against Kodak "maximum resolution" autoradiography film for 5 d. Figure 1A shows significant increases in BDNF exon V mRNA at 2 h in light-shock-trained animals compared with all other data points (F 5,31 = 4.0, p = 0.008). Post hoc analysis showed significant differences between the light-shock and light-alone groups at 2 h (p = 0.001), but not between these groups at 24 h (p = 0.43) or 7 d (p = 0.32). These data suggest that BDNF is rapidly regulated during the consolidation period following fear conditioning, but the gene expression changes are not maintained. Therefore, BDNF gene expression was examined at 2 h following training for subsequent studies.
The statistics above (Fig. 1A) were obtained with a conventional method of analyzing in situ hybridization and receptor binding autoradiography using the AIS technique calibrated with 14 C-labeled standards (AIS system, Imaging Research) (Liu et al. 2001; Poulsen et al. 2004 ). However, we have found that scanning the autoradiography films into a PC allows for better future archival access and cataloging of the data. Furthermore, we have found that analysis of these digital images using ADOBE Photoshop produces a more conservative and easier analysis technique.
To validate this Digital Photoshop method, we repeated the analysis of the same films. Films were first scanned into a PC at 600 dpi. Hybridization density quantification was performed with the mean luminosity histogram feature of Adobe Photoshop at a level of exposure that produced linear densities with 14 C standards. Within each experiment, all slides hybridized to the same probe were exposed to the same piece of film for the same amount of time. This ensured equivalent exposure times and conditions between animals and experimental groups. For each section, hybridization density was determined for the regions of interest (ROI), as well as an adjacent background area that lacks hybridization (e.g., internal capsule). Normalized density was determined as previously described (Ressler et al. 2002; Rattiner et al. 2004 ). For each experimental group, hybridization density is reported as the average density of all individual animals for that condition ‫ע‬SEM. Comparison of means between experimental groups was performed with ANOVA followed by a post hoc Tukeys test using the SPSS statistics package.
Blinded analysis of this same data set leads to identical results with the Digital Photoshop method. There is a significant increase in exon V at 2 h in fear-trained animals compared with all other data points (F 5,31 = 4.2, p = 0.006). Post hoc analysis showed significant differences between the light-shock and light-alone groups at 2 h (p = 0.03), but not between these groups at 24 h (p = 0.98) or 7 d (p = 0.90). Linear regression demonstrated a highly significant correlation between the AIS and Digital Photoshop generated data points across all animals within this experiment (F 1,31 = 16.8, p < 0.001, R = 0.60). Therefore, because of the advantages listed above for the Digital Photoshop method, we used this method for analysis of the remaining in situ hybridization experiments.
Our next series of experiments examined the differential regulation of BDNF transcripts. A total of 28 male SpragueDawley rats (Charles River, Raleigh, NC) were trained and tested as shown in Figure 1B . Training and testing procedures occurred as described above. All animals were pre-exposed to handling and placement in the training/testing chambers for 5 d prior to fear conditioning. On day 3 of pre-exposure, baseline startle was measured by presenting 30 startle stimuli at a 30-sec interstimulus interval (ISI). On the basis of these results, animals were divided into matched experimental groups with equivalent mean startle amplitudes. On training day, animals received 15 light-shock pairings (light-shock pairing; n = 10), 15 light presentations alone (light-alone control; n = 9), or 15 shock presentations alone (shock-alone control; n = 9) and were returned to their home cage. Light-shock pairings were given with an average ISI of 2 min, creating a 30-min training period. The shock (US) was delivered during the last 0.5 sec and coterminated with the 4-sec light (CS). The light-alone control group received 15 4-sec light presentations, with an average ISI of 2 min, over a 30-min training period. The shock-alone group received 15 0.5-sec shocks, with an average ISI of 2 min (range, 3-5 min), over a 30-min training session.
Animals from all groups were returned to home cages after training. Then, 16 animals were killed 2 h later for in situ hybridization (n = 6 light-shock, n = 5 shock alone, n = 5 light alone). Another 12 animals were kept for behavioral testing 24 h later (n = 4 in each of the three groups). During fear-potentiated startle testing, animals are given a 5-min acclimation period followed by 30 startle stimuli (95 dB) with a 30-sec ISI (leader stimuli), followed by 30 startle-alone test trials and 30 intermixed light-startle test trials. There is a significant increase in BDNF exon V mRNA at 2 h in light-shock-trained animals compared with all other data points (*ANOVA; p < 0.05). Post hoc analysis showed significant differences between the light-shock and light-alone groups at 2 h, but not between these groups at 24 h or 7 d. (B) Animals were exposed to either light-alone or shock-alone presentations, or associative light-shock pairings. Animals were either killed 2 h later or tested 24 h later for the presence of fear-potentiated startle. (C) Light-shock pairings produced stable fear memories in the light-shock associative group, as assessed by the fear-potentiated startle effect (*Paired t-test; p < 0.05). Light-alone and shock-alone control groups show no appreciable difference between startle in the absence or presence of the light. The difference scores for the light-shock group are significantly different from the difference scores for the light-alone or shock-alone controls (**ANOVA; p < 0.05). (D) Levels of exon V are significantly increased in the BLA after light-shock fear conditioning when compared with light-alone or shock-alone control groups (*ANOVA; p Յ 0.05). The exon V-specific transcript is common to all BDNF splice variants, thus the exon V in situ probe recognizes all full-length transcripts regardless of the 5Ј-exon used.
Animals that had experienced light-shock pairings showed significant fear-potentiated startle ( Fig. 1C ; Paired t-test; *p = 0.01). Animals that had received light-alone or shock-alone training showed no appreciable difference between startle in the presence or absence of light. The difference scores were also significantly different for the light-shock-trained group compared with control groups (Fig. 1C ; ANOVA: F (2,9) = 11.5, **p = 0.003).
Animals (n = 6 light-shock, n = 5 shock alone, n = 5 light alone) were killed 2 h after fear conditioning, and brains were prepared for in situ hybridization analysis. We found significant increases in the light-shock paired group compared with controls with the exon V-specific mRNA ( Fig. 1D ; F 2,10 = 20.4; p = 0.048). This replicated our original finding that BDNF mRNA levels are elevated in the amygdala 2 h following fear conditioning (Fig. 1A) .
This result was expected because the exon V probe will recognize the entire pool of BDNF transcripts. For specific exon analyses, exons I-IV were PCR-amplified from larger BDNF clones (obtained from Bradley Pearce and J.C. Lauterborn, University of California, Irvine), subcloned into the pCRII-TOPO vector, and sequence-verified. Figure 2A illustrates the regions within these exons used for in situ analysis. In situ hybridization was performed with antisense riboprobes, and films were analyzed using the Digital Photoshop method described.
Prior to examining the regulation of the four different 5Ј-transcripts, we demonstrated the specificity of the individual probes using a series of in situ "cold-probe" competition experiments. Following previously accepted techniques, we produced nonradioactive RNAs for each sequence-verified exon (Remick et al. 1988; Pelletier et al. 1992) . We then hybridized combinations of all nonradioactive RNA transcripts with each radiolabeled probe, yielding 16 different combinations of hot and cold probes: for example, cold exon I probe with 35 S-exon I probe (I-I), cold exon I probe with 35 S-exon II probe (I-II), cold exon I probe with 35 S-exon III probe (I-III), and so on. In situ hybridization was performed as described above. All slides were prehybridized with cold probe for 5 h, washed with ‫ן5‬ SSC, and then cohybridized overnight with 35 S-probe and the nonradioactive cold probe. Figure 2B shows representative hippocampal sections (where there is substantial and stable expression of the four exons) of a specific exon probe cohybridized with its cold counterpart (Fig. 2B , bottom row), as well as the specific exon probe cohybridized with a cold probe of a different exon (Fig. 2B, top row) . We found a significant loss in binding of the 35 S-probe after competition with its cold-labeled counterpart (e.g., I-I, II-II, III-III, IV-IV), but no significant competition with cold probes of any other exons. This experiment demonstrates that each antisense riboprobe used in the subsequent experiment is specific for each 5Ј-untranslated BDNF exon described, and essentially no nonspecific labeling occurs with these probes.
Tissue sections obtained from the light-shock experiment described above were processed for in situ hybridization using our exon-specific probes. Figure 3 illustrates that there are basal levels of all BDNF transcripts in the amygdala (control); however, following fear conditioning (light-shock), hybridization was markedly increased in the amygdala for exon I, III, and V transcripts.
Upon quantitative examination of the individual BDNF transcripts, we found that exon I and III transcripts were significantly increased in the BLA 2 h after light-shock pairings compared with control groups (Fig. 4 ; exon I, F (2,13) = 6.9, p = 0.009; exon III, F (2,12) = 27, p < 0.001). Levels of exon II (F (2,12) = 1.1, p = 0.4) and exon IV (F (2,12) = 0.15, p = 0.86) transcripts did not appear to be changing subsequent to fear conditioning. These results indicate that only a subset of the BDNF transcripts are increasing following associative fear conditioning.
In experiments using the exon V BDNF probe as well as the four specific exon probes (Figs. 1D and 4) , we find no significant increases in transcripts in groups receiving the shock alone compared with light alone during training (all p > 0.35). As shown in Figure 1C , this type of presentation does not result in significant cue-specific learning. Furthermore, as has been shown in other experiments with significant pre-exposures to the context, we find no enhancement of the baseline startle within this context, 
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suggesting there is no significant contextual fear conditioning (Ressler et al. 2002; Rattiner et al. 2004) . Therefore, these experiments demonstrate that the significant increases in BDNF exon transcripts within the BLA, as seen with light-shock pairings, are specific for the process mediating associative learning and not for the attentional, pain, or stress pathways mediated by the shock alone.
We have shown that BDNF exons I, III, and V were transcriptionally up-regulated during the consolidation of fear learning, with no apparent change in BDNF exons II and IV. These results provide the first evidence of differential BDNF promoter regulation or alternative splicing mechanisms in response to a behaviorally relevant learning paradigm. These results are consistent with the current in vitro and nonbehavioral in vivo literature suggesting that expression of transcripts containing exon I and III are most sensitive to activity-dependent regulation and are readily induced in response to synaptic activity Timmusk et al. 1993; Kokaia et al. 1994) .
Most studies examining BDNF mRNA levels following various manipulations have ignored the differential usage of promoters and 5Ј-untranslated exons, and have instead described the combined expression of BDNF. These studies using in situ probes that only recognized exon V, the protein-coding region of the BDNF gene, have revealed marked increases in BDNF mRNA after hippocampally dependent learning and memory tasks . Presumably these increases are the sum result of the differential regulation of BDNF exons I-IV. Because they are detecting the entire pool of BDNF transcripts, however, it is impossible to determine which of the transcripts are changing as a result of the manipulation.
Our current findings suggest that the BDNF gene is indeed differentially regulated in the amygdala following fear conditioning. Fear conditioning may engage different cellular mechanisms controlling the activity-dependent regulation of BDNF mRNAs containing exons I and III. Use of these multiple promoters is likely to direct the activity-specific expression of BDNF. Both exon I and III promoters are selectively activated by calcium influx. The exon III promoter contains a calcium-responsive element (CaRE1) that is regulated by a newly discovered calciumresponsive transcription factor, CaRF (Tabuchi et al. 2002; Tao et al. 2002) . The exon I promoter contains a cAMP-responsive element that is overlapped by the upstream stimulatory factor (USF) binding element. Both CREB and USF1/ USF2 transcription factors contribute to the calcium-mediated activation of the exon I promoter (Tabuchi et al. 2002) . There is currently little known about the regulatory sequences within the exon II and exon IV promoters, although it has been shown that the nuclear isoforms of CamKII are involved in the expression of the exon IV promoter (Takeuchi et al. 2002) .
The significance of this differential regulation is not well understood. It is possible that the only function of differential exon usage is for differential transcriptional control. It is also possible that a functional role of the different exons exists. For example, exons I and III may contain targeting sequences allowing mRNA transport to the dendrites, where it can affect local synaptic plasticity. It has been shown that BDNF mRNA is dendritically targeted (Tongiorgi et al. 1997; Righi et al. 2000) ; however, it is unknown which of the different BDNF transcripts are targeted to the dendrites or whether the targeting sequences lie in the 5Ј-or 3Ј-untranslated regions. Future experiments examining the differential cellular localization of transcripts in vitro will explore the hypothesis that location and sorting of different transcripts is a function of 5Ј-exon usage.
Another intriguing possibility is that differential 5Ј-UTR utilization may partially determine rates of translation or mRNA stability. An increasing literature suggests that the 5Ј-UTRs of some dendritically translated mRNAs allow for more efficient translation via an internal ribosomal entry site (IRES) that allows initiator-independent translation (Gromeier et al. 1999; Jopling and Willis 2001; Pinkstaff et al. 2001) . There are few consensus sites for IRES function, and it is not yet clear if BDNF contains such sequences, but future studies examining these possibilities are warranted. Of note, a recent preliminary report suggests that an untranslated exon of the human BDNF gene may contain an IRES function (Zaitsev and Lu 2003) .
In summary, these data indicate differential promoter control or splicing of the BDNF gene following fear conditioning in the amygdala. It would be important to know whether similar transcriptional control of BDNF is found in other behavioral learning paradigms. Further research on the role of this mechanism of regulation should be informative, both from the perspective of transcriptional control of dynamic levels of BDNF protein, as well as for the differential functions of the 5Ј-untranslated mRNA transcripts in vivo. . Changes in levels of BDNF transcripts following fear conditioning. Summary of the changes in levels of exons I-IV following light-shock associative fear conditioning or light-alone or shock-alone controls. Gene expression was analyzed 2 h following training. Levels of transcripts for exon I and exon III are significantly increased in the BLA after light-shock fear conditioning when compared with control groups (* ANOVA; p Յ 0.05). Levels of exons II and IV are comparable across groups.
